De novo protein synthesis supports long-lasting functional and structural plasticity and is a molecular requirement for new memory formation. Recent evidence has suggested that microRNAs may be involved in regulating the molecular mechanisms underlying neural plasticity. MicroRNAs are endogenous, noncoding RNAs capable of post-transcriptional repression of their mRNA targets. To explore the potential for microRNA-mediated regulation of amygdala-dependent memory formation, we performed expression profiling of microRNAs in the lateral amygdala of rats 1 h after auditory fear conditioning. Microarray analysis revealed that over half of all known microRNAs are endogenously expressed in the lateral amygdala, with 7 microRNAs upregulated and 32 downregulated by auditory fear training. Bioinformatic analysis identified several of the downregulated microRNAs as potential repressors of actin-regulating proteins known to be involved in plasticity and memory. Downregulation of one of these microRNAs by auditory fear conditioning, miR-182, was confirmed by quantitative real-time PCR. Overexpression of miR-182 within the lateral amygdala resulted in decreased expression of the protein but not mRNA of two synapse-enriched regulators of actin known to modulate structural plasticity, cortactin and Rac1. The overexpression of miR-182 also disrupted long-term but not short-term auditory fear memory. These data indicate that learning-induced suppression of miR-182, a microRNA previously uncharacterized in the brain, supports long-term memory formation in the amygdala and suggests it does so, at least in part, through the derepression of key actin-regulating proteins. These findings further indicate that microRNAs may represent a previously underappreciated mechanism for regulating protein synthesis during memory consolidation.
Introduction
Long-term memory formation requires new protein synthesis (Davis and Squire, 1984; McGaugh, 2000) . MicroRNAs (miRNAs), endogenous RNAs that act as translational repressors, represent a potential mechanism for regulating the complex translational program supporting memory. MiRNAs achieve post-transcriptional repression by direct binding to the 3Ј-UTR of target mRNAs and noncleavage degradation of the target mRNA via deadenylation (Lim et al., 2005; Giraldez et al., 2006; Eulalio et al., 2009; Djuranovic et al., 2012) . A single miRNA commonly has hundreds of predicted targets based on 2-8 nucleotide (nt) seed region complementarity, with actual targets likely to vary depending on the structure and even cell type being studied. This flexibility and wide-genomic range suggests that these short (ϳ22 nt), noncoding RNAs are perfectly suited to orchestrate complex post-transcriptional programs tailored to the particular needs of any given system. In the case of learning and memory processes, some of the earliest evidence of miRNA involvement came from studies in Drosophila that demonstrated learning-induced degradation of Armitage, a critical component of the miRNA-induced silencing complex (RISC), at synapses, and its loss enhances memory (Ashraf and Kunes, 2006; Konopka et al., 2010) . Global reduction in miRNA expression within the rodent forebrain also produces memory enhancement and several miRNAs have been identified in the hippocampus and cortex as regulators of memory Gao et al., 2010; Konopka et al., 2010; Kye et al., 2011; Lin et al., 2011; Zovoilis et al., 2011) .
There is also a growing consensus that memory is supported by structural and functional plasticity at excitatory synapses on dendritic spines (Pontrello and Ethell, 2009; Kasai et al., 2010) . Several miRNAs have been implicated in the regulation of synaptogenesis and morphology in development Yu et al., 2008; Edbauer et al., 2010) . Brain-specific miR-134, for example, is enriched in the synaptodendritic compartment of cultured hippocampal neurons, where it prevents translation of LIMK1, a kinase that leads to the phosphorylation and inactivation of the actin-severing protein cofilin and regulates spine size in developing neurons . Actin is the major cytoskeletal component of dendritic spines, and its polymerization is required for synaptic plasticity and memory formation (Fischer et al., 2004; Mantzur et al., 2009; Rehberg et al., 2010; Rex et al., 2010; Gavin et al., 2012) . Actin is under tight spatiotemporal control by a multitude of actin regulatory proteins (ARPs). Cofilin, for example, supports cytoskeletal rearrangement. Loss of cofilin results in memory impairment and a reduction in the number of mature dendritic spines (Hotulainen et al., 2009; Rust et al., 2010) . A conservative estimate would put the number of direct actinbinding proteins expressed in the CNS in the dozens, with a multitude of additional upstream regulators. Taken together, this suggests that the CNS may use miRNAs to achieve strict regulatory control over the expression of ARPs during memory formation. Because the amygdala plays a critical role in many forms of cognition, including psychiatric disorders with a memory component (Childress et al., 1999; Koenigs and Grafman, 2009) , we explored the hypothesis that consolidation of an amygdaladependent memory is influenced by miRNAs, possibly through the post-transcriptional regulation of ARPs.
Materials and Methods
Animals. Male Sprague Dawley rats (275-325 g; Charles River Laboratories) were housed individually following cannula implantation on a 12 h light/dark cycle at ambient temperature with food and water ad libitum. All animal procedures were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals and with protocols approved by the Scripps Florida Institutional Animal Care and Use Committee.
Cannula implantation. Rats were anesthetized with Dexdormitor (0.25 mg/kg) and Ketamine (5 mg/100 g) and secured in a Kopf stereotaxic apparatus. Bilateral stainless steel guide cannula (26 G, Plastics One) were placed directly above the lateral amygdala (LA) (anteroposterior, Ϫ3.0 mm, mediolateral, Ϫ 5.0 mm, relative to bregma; dorsoventral, Ϫ6.5 mm from skull) (Paxinos and Watson, 2007) . Clearance was maintained with 33 G obdurators (Plastics One) cut to project 1 mm beyond the tip of the guide. Cannula placement was verified in 40 m cresyl violet-stained sections.
Auditory fear conditioning. Training and testing were performed as described previously (Gavin et al., 2012) . In the same group of animals, immediate learning was assessed by the percent of time spent freezing during the second and third training tone presentations (Schafe et al., 2000) , and longterm memory (LTM) was assessed 24 h later during the 3 min tone presentation that followed a 3 min period of exploration in the altered context. Short-term fear memory (STM) was assessed 90 min after training in a separate group of animals. LTM and STM were calculated by subtracting the freezing in the altered context from the freezing during the tone to isolate auditory fear memory from residual contextual fear.
MicroRNA overexpression. Intra-LA miRNA overexpression was achieved by in vivo transfection of an Rattus norvegicus miR-182 mimic (rno-miR-182OE) or a Caenorhabditis elegans miR-67 mimic negative control (cel-miR-67OE) (Dharmacon) with jetSI (PolyPlus Transfection) (Guissouma et al., 2006; McQuown et al., 2011) . The negative control has minimal sequence homology to miRNA sequences in rats, mice, and humans. Both miRNA mimics were delivered into the LA at the same rate (0.25 l/min), concentration (5.6 g), and volume (0.5 l).
Tissue preparation. Animals were quickly and deeply anesthetized with isoflurane. Brains were then rapidly removed, flash frozen in 2-methyl butane (Sigma), sliced into 1 mm thick sections, and stored at Ϫ80°C.
RNA and protein extraction. For quantitative RT-PCR (qRT-PCR) and immunoblotting, RNA and protein were extracted from 1 mm 3 punches of LA tissue using the miRVana RNA isolation kit (Ambion). RNA concentrations and quality were determined with a Nanodrop ND-1000 (Thermo Fisher Scientific). Protein concentrations were determined by Bradford assay (Bio-Rad) with 1:10 dilutions of protein homogenate.
MicroRNA microarray. One hour after training, tissue was collected and total RNA was TRIzol-extracted from LA. One microgram of total RNA was pooled for each group such that RNA from each of the eight animals in a given group was equally represented in the appropriate pooled sample, resulting in three samples of 1 g for each array (n ϭ 4 pooled arrays): paired, unpaired, and naive. The remaining individual samples of RNA were retained for validation by qRT-PCR. Gene expression analysis arrays were performed by the Scripps Florida Genomics Core. Pooled samples were labeled using the 3DNA FlashTag kit (Genisphere) and hybridized to Affymetrix miRNA microarray in the Affy 640 hybridization oven for 16 h at 60 rpm. The microarrays were then washed and stained with the Affymetrix Fluidics Station FS400. The GeneChip Scanner 3000 was used to scan the GeneChip Arrays. All probe set intensities were quantified using the GeneChip Command Console Software (AGCC) and analyzed with GCRMA normalization using Affymetrix Expression Console Software. All raw values below 100 were excluded from the analysis.
MiRNA cDNA synthesis and qRT-PCR. Quantitative real-time PCR was used to measure expression of individual miRNAs. Ten nanograms of RNA was reverse transcribed using miRNA Reverse Transcription Kit [Applied Biosystems Inc. (ABI)], and cDNA was preamplified using miRNA-specific primers (ABI). The PCR product was diluted with TaqMan Gene Expression Master Mix (ABI), and FAM TaqMan microRNA Gene Expression assays (ABI) were used to quantify levels of miRNAs with U6 snRNA as a control. All C T values were chosen in the linear range of amplification, and the comparative C T method was used to calculate relative differences in gene expression.
Immunoblotting. Ten micrograms of protein from LA tissue collected 4 h post-training was resolved on 10% SDS-PAGE gels and transferred onto PVDF membranes and then blocked in 5% milk in 0.1% Trisbuffered saline-Tween 20 (TBST) at room temperature (RT) for 1 h. Antibodies were used against cortactin (1:50,000, Abcam), cofilin (1:500, Cytoskeleton Inc.), profilin (1:500, Cytoskeleton Inc.), Rac1 (1:750, Abcam), and GAPDH (1:5000, Abcam) for 1 h at RT. Membranes were washed with 1ϫ TBST and incubated with anti-mouse (Vector Laboratories) or antirabbit (Promega) IgG horseradish peroxidase-conjugated secondary antibody (1:10,000, 1ϫ TBST). Protein expression was assessed by enhanced chemiluminescence and exposure to Biomax Light film (Eastman Kodak). ImageJ software (NIH) was used to quantify band intensities. Relative protein expression was calculated by normalizing the integrated band density values to those for GAPDH on the same blots.
Statistical analysis. Repeated measures and one-way ANOVAs, as well as one-sample t tests with Bonferroni correction were used as stated.
Results

Auditory fear conditioning alters miR-182 expression in the lateral amygdala
To identify the potential involvement of miRNAs in amygdaladependent memory formation, we trained animals in a traditional auditory fear conditioning paradigm (Fig. 1A) . One hour after training, LA tissue was collected from three groups of animals: Naive Handled, Unpaired, and Paired. Unpaired animals were presented with the same stimuli as the Paired animals, except that the shock did not coterminate with the tone, preventing the formation of a learned association between the tone and shock. Expression profiling of this tissue revealed that more than half of all known R. norvegicus miRNAs are expressed in the LA of Naive animals (Fig. 1B) . Table 1 lists the 25 highest and lowest expressed miRNAs in the LA. The majority of LA-expressed miRNAs were unchanged by auditory fear training, while 7 were upregulated and 32 were downregulated relative to Naive and Unpaired controls (Fig. 1C) . We chose to focus on miRNAs predicted to target at least one of several ARPs (cofilin, cortactin, Rac1, MyH10, profilin) because of their known function in regulating the dendritic spine structural and functional plasticity that supports memory. Using TargetScan, we searched the 3Ј UTR of these ARPs for conserved sites for miRNAs (Fig. 1 D, E) . From this list of ARP-associated miRNAs we then looked for miRNAs that were specifically suppressed by auditory fear training (Paired), suggesting potential translational derepression of the ARPs. Interestingly, miR-182 was the only miRNA with predicted ARP targets (Fig. 1D,E) that decreased Ͼ2.0-fold in the Paired group relative to Naive group (0.35 Ϯ 0.2, t (3) ϭ Ϫ3.15, p Ͻ 0.05).
qRT-PCR of the individual samples was used to validate the array results, with miR-30c used as a negative control (no decrease expected based on array). Indeed, qRT-PCR demonstrated a decrease in miR-182, but not miR-30c, levels in the Paired group relative to Naive and Unpaired animals ( Fig. 2A ; miR30c: F (1,14) ϭ 0.304, p Ͼ 0.05; miR-182: F (1,10) ϭ 6.13, p Ͻ 0.05). MiR-182 was found to be still suppressed in Paired animals 24 h after training ( Fig. 2B; F (1,11) ϭ 6.44, p Ͻ 0.05). Interestingly, while highly variable, there appeared to be a trend toward elevated miR-182 in the Unpaired group. It is possible that presentation of an auditory tone and foot shock in a noncontingent manner activates miR-182 expression to help suppress translational events intended to specifically support memory formation.
The suppression of miR-182 during memory formation was of particular interest for two reasons. First, its CNS function is Note miR-182's low expression levels (boldface).
completely unknown. Second, miR-182 is one of only two miRNAs that are predicted to target four of the five ARPs selected, miR-96 being the second (Fig. 1E) . These miRNAs likely share predicted targets because they belong to the same miRNA cluster (miR-96/182/183/3553), having similar seed regions. Importantly, miR-96 is not expressed in the LA (Fig. 1D) , further highlighting the potential importance of miR-182.
MiR-182 represses actin-regulating proteins and memory consolidation in the lateral amygdala
As can be seen in Table 1 , miR-182 levels are very low in the LA, as compared to other miRNAs. qRT-PCR confirmed that expression of miR-182 is low in the LA, approximately ϳ1000-fold lower than miR-30c (Fig. 2C) . Interestingly, a study that characterized enrichment of miRNAs in forebrain dendritic spines found miR-182 to be the sixth most synaptically enriched (Lugli et al., 2008) , further piquing our interest in miR-182's potential regulation of synapse-rich ARPs. To explore miR-182's ability to regulate ARP targets in vivo, we overexpressed miR-182 (rno-miR-182OE) in the LA (Fig. 3A) . We next determined the effect of miR-182 overexpression on the protein levels of its predicted ARP targets (cortactin, cofilin, Rac1, and profilin) 4 h after auditory fear conditioning (Fig. 3B) , relative to an overexpressing mimic of C. elegans miR-67 (cel-miR-67OE). Cortactin (Cttn) and Rac1 were decreased, with a trend toward a similar decrease in cofilin (Cfln) and no change in profilin (Pfln) (Fig.  3C , Cttn: t (6) ϭ Ϫ12.13, p Ͻ 0.0005; Cfln: t (6) ϭ Ϫ2.55, p ϭ 0.043; Rac1: t (6) ϭ Ϫ3.78, p Ͻ 0.01; Pfln: t (6) ϭ 1.19, p Ͼ 0.05; significance set at p Յ 0.017 with Bonferroni correction) or the housekeeping gene GAPDH (cel-miR-67OE: 1,214,892 Ϯ 62,242; rno-miR-182OE: 1,218,068 Ϯ 79,649; F (1,14) ϭ 0.001, p Ͼ 0.05). This suggests that the decrease in miR-182 expression accompanying auditory fear conditioning ( Fig. 2A,B ) removes miRNAmediated translational suppression of ARPs. Indeed, qRT-PCR analysis confirmed that mRNA levels of Cttn and Rac1 did not change ( Fig. 3D ; Cttn: F (1,15) ϭ 0.30, p Ͼ 0.05; Rac1: F (1,15) ϭ 0.08, p Ͼ 0.05), suggesting that miR-182 works through post-transcriptional suppression of the ARPs, and not mRNA degradation.
Given the importance of ARPs in memory and their regulation by miR-182, we next determined the role of miR-182 in the formation of an amygdala-dependent, auditory fear memory (Fig. 4A) . As the role of miR-182's ARP targets in structural and functional plasticity might predict, rno-miR-182OE disrupted freezing at the 24 h test, suggesting that it plays an essential role in memory formation ( Fig.  4B; F (1,18) ϭ 11.93, p Ͻ 0.005). Importantly, freezing to the second and third tone presentations during training was not different between the two groups ( Fig.  4C; F (1,14) ϭ 0.03, p Ͼ 0.05), indicating that overexpressing miR-182 did not disrupt the animals' immediate learning or ability to freeze. We next assessed STM to determine whether overexpression of miR-182 altered memory acquisition or consolidation (Rodrigues et al., 2004) . STM was equivalent between the two groups at the 90 min post-training test ( Fig.  4D,E; F (1,14) ϭ 0.27, p Ͼ 0.05), indicating that rno-miR-182OE allows for the initial acquisition of an auditory fear memory, but interferes with its consolidation. Cannula placement in the LA was confirmed by histological analysis (Fig. 4F) . Taken together, these results indicate that learning-induced suppression of miR-182 supports LTM formation, and that this may occur through the derepression of key remodelers of the actin cytoskeleton.
Discussion
This study is the first to demonstrate a role for miRNAs in amygdala-dependent memory and to describe a role for miR-182 in the brain. We were led to miR-182 by the unbiased approach of screening for changes in the rat genome's full complement of miRNAs following auditory fear conditioning and by our ongoing interest in actin-mediated regulation of structural plasticity in dendritic spines to support memory (Rex et al., 2010; Rubio et al., 2011; Gavin et al., 2012) . Interestingly, a miR-182 knockout mouse recently generated for the purpose of studying the role of this miRNA in the retina reported no significant histological or phenotypic abnormalities in the mice (Jin et al., 2009) , suggesting that miR-182 may be a viable target for cognitive therapy.
Basal expression of miR-182 is very low in the LA, with its expression reduced to nearly undetectable levels at the time of learning. Therefore, through overexpression of miR-182 in the LA, we found a disruption of memory formation and repression of two ARPs key to synaptic structure and memory, cortactin and Rac1. Knockdown of cortactin, a direct actin-binding protein that stabilizes actin filament branching, decreases dendritic spine number and maturation (Hering and Sheng, 2003; Hotulainen and Hoogenraad, 2010) . Rac1 is a Rho GTPase that triggers dendritic remodeling (Diana et al., 2007; Haditsch et al., 2009; Dietz et al., 2012) through activation of the actin-binding protein Arp2/3, driving nucleation and inactivation of cofilin to prevent depolymerization (Carlisle et al., 2008; Wegner et al., 2008) . Activation of Rac1 via CNF1 enhances long-term potentiation and memory (Diana et al., 2007) , while loss of Rac1 impairs both processes (Haditsch et al., 2009 ). Thus, derepression of cortactin and Rac1 via a learning-induced decrease in miR-182, as indicated here, would be expected to support memory consolidation by enabling these proteins to trigger the necessary underlying structural plasticity driven by actin polymerization ( Fig. 3C and Fig. 5 ).
While this is the first description of miR-182's function in the brain, a few studies have investigated its role in cancerous cell growth and metastasis. Using network analysis of miR-182's predicted protein targets, one such cancer study found miR-182's top target network to be regulators of the actin cytoskeleton, including direct regulation of cofilin and profilin . Furthermore, a study of miR-182's role in human lung adenocarcinoma cells reported suppression of cortactin (Zhang et al., 2011) . Thus, our findings on the brain's use of miR-182 to regulate memory-related structural proteins are consistent with reports of miR-182's oncogenic function.
Our findings are also consistent with the emerging hypothesis that miRNAs may contribute to the tight regulatory control of local protein synthesis needed to allow synapse-specific derepression of key memory-promoting proteins at the time of stimulation, while keeping their expression in check in times of rest (Kosik, 2006; Bicker and Schratt, 2008; Smalheiser and Lugli, 2009; Konopka et al., 2010) . Smalheiser and Lugli (2009) have gone a step further by suggesting that, as part of the repressive RISC complex, miRNAs may serve a role in synaptic tagging and capture by providing synapse-specific sequestration of relevant mRNAs being trafficked down dendrites. In support of this, miRNA processing machinery has been identified in the synapse (Lugli et al., 2005) , and a study by the same group established that miR-182 is the sixth most synaptically enriched miRNA in the rodent forebrain (Lugli et al., 2005; Lugli et al., 2008) . Furthermore, a recent report from Cajigas et al. (2012) demonstrated that miR-182's mRNA targets are also found in the synapse, indicating that all components necessary for local translational control of ARPs by miR-182 are present in the synaptic compartment. This, in combination with our in vivo findings suggesting miR-182's regulation of cortactin, Rac1, and memory consolidation, further extends the hypothesis to suggest that a particularly important class of target proteins through which miRNAs achieve this local control may be ARPs.
